Current Biology 26, R343-R354, May 9, 2016 © 2016 Elsevier Ltd. R353 qualitative contrast to the experimental data. Clearly, human perception in this paradigm is not strictly linear and, thus, performance on the entire stimulus cannot be predicted by a simple summation of the performance levels of its parts.
and Peter J. Bex 3 Peripheral vision is fundamentally limited by the spacing between objects. When asked to report a target's identity, observers make erroneous reports that sometimes match the identity of a nearby distractor and sometimes match a combination of target and distractor features. The classifi cation of these errors has previously been used to support competing 'substitution' [1] or 'averaging' [2] models of the phenomenon known as 'visual crowding'. We recently proposed a single model in which both classes of error occur because observers make their reports by sampling from a biologically-plausible population of weighted responses within a region of space around the target [3] . It is critical to note that there is no probabilistic substitution or averaging process in our model; instead, we argue that neither substitution nor averaging occur, but that these are misclassifi cations of the distribution of reports that emerge when a population response distribution is sampled. This is a fundamentally different way of thinking about crowding, and on this basis we claim to have provided a mechanism unifying categorically distinct perceptual errors. Our goal was not to model all crowding phenomena, such as the release from crowding when target and fl anks differ in color or depth [4] . Pachai et al. [5] have suggested that our model is not unifying because it inaccurately predicts perceptual performance for a particular stimulus. Although we agree that our model does not predict their data, this specifi c demonstration overlooks the critical aspect of the model: perceptual reports are drawn from a weighted population code. We show that Pachai et al.'s [5] own data actually provide evidence for the population code we have described [3] , and we suggest a biologicallyplausible analysis of their stimuli that provides a computational basis for their 'grouping' account of crowding.
In both Pachai et al.'s [5] work and our original study [3] , following the presentation of a randomly oriented target Landolt C in peripheral vision, observers adjusted a foveal Landolt C so that it matched the target orientation. The target was presented alone ( Figure 1A , top panel), or surrounded by a larger and independently oriented Landolt C ( Figure 1B , top panel). In close agreement with our data [3] , the mean error in their observers' reports is greater with the fl anker than without. They further show that our model provides a good fi t to these behavioural data. Pachai et al. [5] included a second fl anker condition, in which the target was fl anked by fi ve concentric distractors, all with the same orientation ( Figure 1C , top panel). For this condition, our model generally predicts that observers' performance should be worse than in the one-fl anker condition. In contrast to this prediction, performance improved in this new condition. Pachai et al. [5] conclude that our model is fundamentally limited because it predicts crowding according to the distance between target and fl ankers. They advance a 'grouping' explanation, in which crowding is released because the fl ankers are somehow grouped independently of the target. Notice, however, they still found crowding even in their grouped-fl anker condition. In Figure  S1 in the Supplemental Information, we provide a demonstration that shows, consistent with our approach, crowding in this condition also relies on the distance between target and inner fl anker. Nevertheless, we believe that the conclusions of Pachai et al. [5] overlook the critical aspect of our model.
In our model [3] , populations of neurons coding a target's orientation also code information about fl anking distractors and this contamination leads to perceptual errors (details given in [3] ). Shown in the top panel of Figure 1E are the trial-by-trial errors made by observers in the onefl anker condition of Pachai et al. [5] . These data are very well captured by our population code model [3] . We think that a simple extension of Correspondence R354 Current Biology 26, R343-R354, May 9, 2016 the population code model will also account for the novel fi ve-fl anker condition presented by Pachai et al. [5] , although it will require modelling beyond the aims of our original paper and the scope of this correspondence.
The bottom panels of Figure 1A -C show the output of a standard fi lterrectify-fi lter model of early visual texture processing [6] . Based on very simple and biologically-plausible fi lter-responses, these analyses reveal regions of common texture and texture change. Colours show texture boundaries (locations where one texture is segmented from another), whereas areas of black show regions of the image with a constant texture. For the uncrowded condition, the primary texture boundary contains the target; for the one-fl anker condition, this texture boundary covers both target and fl anker. In the fi ve-fl anker condition, separate texture boundaries occur for the target, the fl anking gaps and the outer-most fl anker. In our model, the population response is weighted by spatial separation between target and fl anks. In an analogous way, texture boundaries could be used to weight the responses in a population code. To test this prediction, we generated a novel variant of the stimulus used by Pachai et al. [5] in which we randomized the orientation of each fl anker ( Figure 1D , top panel). As shown in Figure 1D (bottom panel), there is no clear texture boundary generated by the fl anker gaps, and we thus predict a relative increase in crowding in such a condition. Informal inspection of the fi gure suggests this is the case. We speculate that our approach is also compatible with models of peripheral vision in which images are encoded by higher-level image statistics within an area that increases with eccentricity [7, 8] . Thus, observers' reports are statistical samples from the population response within regions of common texture. We think this hypothesis will go far to account for other recent data from Herzog and colleagues (see Figure S2) .
Pachai et al. [5] argue that an unspecifi ed 'grouping' process provides a better explanation of crowding than do models in which the strength of interactions depends on parameters like the distance between target and fl ankers. Our texture analysis suggests that the fl ankers may not be grouped in the manner described by Pachai et al., but that the aligned gaps in fact defi ne a texture boundary that segments this region from the rest of the image. Finally, we would like to comment that "grouping" explanations of crowding are circular: it is assumed that when crowding is reduced, fl ankers must therefore be grouped; thus, grouping is measured by the degree of crowding and viceversa. We argue that, in contrast to this approach, a weighted population code provides a testable mechanistic account for these data. An important advantage of our model is that we can now predict perceptual variability in crowding, rather than merely predicting when crowding will or will not occur.
SUPPLEMENTAL INFORMATION
Supplemental Information includes two Supplemental fi gures and a description of our texture analysis and can be found with this article online at http://dx.doi.org/10.1016/j. cub.2016.03.024. The fi ne black line has a slope of 0.5, which corresponds to reports that might be (mis)classifi ed as averaging; the heavy blue line has a slope of 1, which corresponds to reports that might be (mis)classifi ed as substitutions. Our population code model captures all errors in the one-fl anker condition. The same model can account for the fi ve-fl anker condition if we assume that texture segregation minimises the contribution of the fl ankers to the population code.
